Background The Bernese periacetabular osteotomy (PAO) is the preferred pelvic osteotomy in many centers treating symptomatic acetabular dysplasia in the young adult. Major nerve injury has been reported as a complication that can occur with this complex procedure, but the incidence and circumstances associated with such injury are not well known.
Introduction
The Bernese periacetabular osteotomy (PAO) as described by Ganz et al. [7] has become the preferred pelvic osteotomy in many centers for the treatment of symptomatic acetabular dysplasia in the young adult [2, 3, 5, 16, 18, [20] [21] [22] . Correcting the structural deformity improves pain and function for these patients, with greater than 90% of patients having substantial pain relief and improved function [2, 3, 5, 16, 18, 21, 22] However, the operation has been criticized by some because of its complexity and its lengthy learning curve [1, 6, 16] .
One of the major potential complications associated with the procedure is nerve injury. In the first report on the PAO, Ganz et al. [7] reviewed 75 cases and reported one femoral neurapraxia with no injuries to the sciatic nerve. Davey and Santore [6] noted four sciatic or peroneal nerve palsies in their first 70 patients and discussed the lengthy learning curve associated with the procedure. Subsequent studies of the osteotomy using a modern abductor-sparing approach also had femoral and sciatic nerve palsies at rates ranging from 0% to 15% [4, 8, 13, 16, 17] . The varying rates of nerve injury reported in the literature and the lack of understanding regarding what risk factors are associated with such injury prompted this review.
We used a large multicenter cohort of patients who had PAO for varying forms of acetabular dysplasia to answer the following questions: What is the incidence of sciatic and femoral nerve injury after PAO; (2) what are the risk factors associated with such injury, and (3) what are the consequences of such injury including the degree of neurologic recovery?
Patients and Methods
We obtained Institutional Review Board approval from all participating institutions.
We retrospectively reviewed 1760 PAOs performed between 1991 and 2008 at five institutions (Mayo Clinic, Washington University, Ottawa University, Boston Children's Hospital, William Beaumont Hospital). The surgeries were performed by eight surgeons (RJS, RTT, PB, JC, MM,YJK, IZ, PS) who specialized in treatment of the young hip. Because 93 charts at one institution had been discarded and were not available for review, the final cohort consisted of 1677 PAOs that included 1322 performed in females (79%) and 352 performed in males (21%). The average age of the patients was 26 years (range, 12-60 years). The minimum followup for this large cohort is unknown, however no patients with nerve injury were lost to followup. No patients were recalled specifically for this study; all data were obtained from medical records and radiographs.
The PAO is performed with the patient supine on a radiolucent table if intraoperative fluoroscopy is used. For this cohort, all surgeons perform the osteotomies using fluoroscopic guidance. Electromyographic monitoring was used in 599 cases and only at two of the five institutions. An abductor-sparing approach to the hip using a modified Smith-Petersen approach was used. Intraoperative measures to reduce nerve injury include: (1) at the time of the ischial osteotomy, care is taken to abduct the leg so as to move the sciatic nerve away from the plane of the osteotome in case the osteotome exits through the ischium; (2) at the time of the posterior column osteotomy, care is taken not to exit laterally and posteriorly as the sciatic nerve may lie close to the posterior column; (3) during exposure of the inner pelvis, care is taken to maintain adequate placement of the retractors under the periosteum, especially retractors inside the sciatic notch; (4) at the time of the pubic osteotomy, the leg is flexed to relieve tension of the psoas as the femoral nerve is in close proximity; and (5) after completion of the osteotomy and fragment repositioning, the surgeon should note whether there is tension on the femoral nerve and inguinal ligament by the repositioned fragment, especially if a reverse PAO is performed.
The charts of the 1677 patients who had PAOs were reviewed to address pertinent risk factors associated with the injury. These included gender, age at surgery, BMI, previous surgery, underlying diagnosis, concomitant procedures, and the use of EMG at the time of surgery. For the 36 nerve injuries additional data were obtained from retrospective chart review at each of the surgeons' centers and by review of in-house databases and surgeon's summary of cases. A standardized form then was completed with specific questions regarding the nerve injury (Appendix 1). The operative reports of these 36 patients and the use of the EMG were recorded in addition to the details regarding the occurrence of the nerve injury at the time of the surgery. Specifically, any occurrences at the time of surgery that could have led to the suspicion of a nerve injury were recorded, such as the leg contracting at the time of an osteotomy or EMG firing during the case, among others. The clinical histories of all 36 patients were reviewed to assess the treatment of the nerve injury and the degree of neurologic recovery. Motor muscle strength was evaluated using a 0 to 5 scale as described by the Medical Research Council [13] .
We defined a major nerve injury as a postoperative motor nerve palsy or sensory deficit present after surgery in the distribution of the femoral or sciatic nerves regardless of its severity or duration. All patients were examined postoperatively by the treating surgeon and the injury was diagnosed then. The centers did not follow a standardized protocol regarding how to diagnose, treat, or follow the patients with nerve injuries. However, it is common practice to examine patients in the immediate postoperative period and document nerve function. Because of the unreliability of diagnosing and the ambiguity of reporting minor nerve deficits, especially sensory, only major nerve deficits reported in the immediate postoperative period were included. Specifically, we chose to exclude lateral femoral cutaneous nerve injuries because of the lack of specificity in the charts regarding what corresponded to an injury and because many were not diagnosed in the immediate postoperative period. We decided to report only objective nerve dysfunctions that led to change in practice and followup. Nevertheless, lateral femoral nerve dysfunction is common after the PAO.
Based on the severity of the injury, the decision was made by the surgeon regarding treatment of the injury and postoperative followup. Because the nerve injuries were not thought to be related to malpositioned hardware no additional testing was performed in the form of CT or MRI. EMG was performed in 11 cases. Patients with nerve injuries would be seen at 6 weeks to 3 months after surgery, and per surgeon discretion, the patient was seen again at either 3 months or 1 year. We identified a range of EMG findings ( Table 1) .
All data are summarized as mean (standard deviation) for continuous data and count (percentage) for discrete data, unless otherwise specified. The analysis focused on the outcome of postoperative nerve palsy, as described above. The association of patient demographics and other potential risk factors was evaluated using logistic regression; odds ratios are reported with 95% confidence intervals. All statistical tests were two-sided. All analyses were conducted using SAS version 9.2 (SAS Institute Inc, Cary, NC, USA).
Results
Thirty-six patients (36 hips) of the 1677 who had PAOs (2.1%) had a major nerve deficit postoperatively. Twentynine of these patients were females and eight were males with an average age of 24 years (range, 13-51 years) at the time of surgery. The diagnosis leading to the PAO was classic dysplasia in 30, postPerthes deformity in three, neuromuscular hip dysplasia in three, and retroversion of the acetabulum in one. Classic hip dysplasia was considered by the treating surgeon to be a lack of coverage of the femoral head by the acetabulum identified by a lateral center-edge angle less than 20 o and a roof angle greater than 10 o . Eight patients had previous surgery. These included a proximal femoral osteotomy in three, previous pelvic osteotomies in two, iliac bone grafting in one, and hip arthroscopy in one, and one patient had multiple previous operations that were unknown. Eighteen patients had a concomitant procedure at the time of the PAO and included nine diagnostic arthrotomies, one arthrotomy with osteochondroplasty of the femoral head-neck junction, two arthrotomies and labral debridement, five proximal femoral osteotomies, and one proximal femoral osteotomy and open arthrotomy. The average surgical time was 309 minutes (range, 150-625 minutes) for patients for whom it was known.
Twenty-eight patients had a postoperative deficit of either the sciatic or the peroneal nerve or tibial division of the sciatic nerve. Eight patients had a deficit of the femoral nerve, and one patient had a combined sciatic-femoral nerve deficit. In these groups, two of the 28 sciatic or peroneal nerve deficits were pure motor, nine were sensory only, and 17 were combined motor and sensory deficits. In the eight femoral deficits, two were pure sensory and six were combined motor and sensory deficits. The combined sciatic and femoral injury was a combined motor and sensory deficit. The etiology of the injury was not known for 21 patients.
For the 1677 patients having PAOs, the average BMI was 25 with 54% of patients having a BMI less than 18, 27% had a BMI between 25 and 30, and 14% had a BMI greater than 30. The diagnosis leading to the majority of PAOs was classic hip dysplasia (89%). In 32 hips the PAO was performed for Perthes (2%), in 28 hips for retroversion (1.9%), in 74 (4.5%) for neuromuscular hip dysplasia, and in 43 (2.6%) for other diagnoses. Other procedures were performed in 1028 hips (61%) and included a proximal femoral osteotomy in 135 (8.1%), open arthrotomy for treatment of intraarticular disease in 850 (50.7%), adductor tenotomy in 16 (1%), and trochanteric advancement in 28 (1.7%). No association was found between any of the demographic and surgical variables and the occurrence of nerve injury. None of the surgical or demographic risk factors examined was associated with an increased risk of nerve injury. Of the patients who had an arthrotomy, 1.4% (12/850) had nerve palsy compared with 2.9% (24/827) of the patients who did not have an arthrotomy (odds ratio [OR] = 2.1). The difference in the incidence of nerve injury in patients who had undergone arthrotomy or not was not significant after adjusting for age and BMI (OR = 1.7, 95% CI = 0.82, 3.73), p = 0.152).
Nonoperative treatment was chosen for 32 of the 36 patients with major nerve deficits. Exploration and neurolysis were performed in four patients. The decision to explore the nerve was surgeon-dependent and involved other specialists. In one case of a sciatic deficit, the peroneal nerve was decompressed at the fibular head because it was believed that excessive lengthening ([ 2 cm) of the extremity had occurred after a concomitant femoral osteotomy. In another patient with a direct injury to the sciatic Table 1 . nerve at the time of the ischial osteotomy, exploration and neurolysis of the nerve were performed and the patient had partial recovery of the deficit. Two other patients underwent exploration of the femoral nerve. One of these patients had a PAO for pure acetabular retroversion, and it was believed that the excessively anteverted fragment was compressing the nerve between the pelvic floor and inguinal ligament. This patient underwent release of the ligament and removal of impinging bone. The second patient with a femoral nerve palsy had nerve conduction studies consistent with neurapraxia at the level of the ilioinguinal ligament, but at the time of exploration had no signs of trauma to the nerve and neurolysis was not performed. Both patients had full recovery of femoral nerve function.
Seventeen of the 36 patients had complete recovery and 19 had only partial recovery. All six patients with femoral nerve motor injury achieved full recovery. Six of eight patients with femoral nerve sensory injury recovered fully. Of the 20 patients with sciatic nerve motor dysfunction, only nine recovered their preoperative function. Fourteen of 17 patients with sciatic sensory deficits recovered. Of the 11 patients with sciatic injuries who recovered fully, one underwent exploration and neurolysis of the nerve at the level of the knee and the other 10 recovered their preoperative function without exploration. However, 12 patients with sciatic or peroneal palsies who were treated nonoperatively continued to have some motor deficit at final followup ( Table 2 ). The average time to recovery of function or detection of no noticeable clinical improvement of the deficit was 8 months (range, 2 days to 24 months).
Discussion
Sciatic and femoral nerve injuries have been described in patients undergoing PAO [1, 6, 8, 16, 17] . However, the incidence and circumstances associated with such injury are not well known. We therefore addressed the following questions: What is the incidence of sciatic and femoral nerve injury after PAO; (2) what are the risk factors associated with such injury, and (3) what are the consequences of such injury including the degree of neurologic recovery?
This study has certain limitations. First, because the study is retrospective, we relied on the physical examinations and notes obtained from medical charts from treating surgeons. We had no set protocol for identifying these injuries. The actual severity of the injury could be overestimated or underestimated in the patients' charts, and minor injuries that led to some disability could have been missed. In addition, unless there was a profound femoral nerve injury that was accounted for immediately after the operation, there could be instances where the femoral nerve deficit could be inadvertently missed and only noted until a few weeks after the operation, also underestimating the number of injuries. Second, this study represents potentially a best case scenario as the operation has been performed by surgeons who specialize in this procedure and the results may not be applicable to the community surgeon. Third, the number of injuries may be too small to ascertain any statistical correlation between the type of injury and patient demographic or surgical factors that potentially could predispose to the development of the injury, however the large number of cases did allow us to make relatively good correlations. Finally, there was variation regarding the diagnosis and management of the nerve injury per center and the aggressiveness of treatment could account for the differences in neurologic recovery.
The incidence of major nerve injury after PAO in this multicenter study was 2.1%, consistent with what has been reported in other studies. Published studies have reported an incidence of femoral and sciatic nerve injuries ranging from 0% to 15% after PAO ( Table 3 ). The incidences of sciatic and femoral nerve injuries were 1.6% and 0.5%, respectively, in this series. Ganz et al. reported only one femoral neurapraxia in 75 cases and no injuries to the sciatic nerve in their initial study [7] . After 1993, a less invasive approach to PAO with preservation of abductor musculature and indirect osteotomies might account for a greater incidence of nerve injuries compared with the number reported by Ganz et al. [7] . The lower rate of sciatic nerve injury reported after rotational osteotomy supports the hypothesis that wider exposure and direct observation may decrease the risk of nerve injury. The benefits of abductor sparing approaches such as those currently used for the PAO must be weighed with the risk of nerve injury and individualized to the patient [9, 15] .
We found no surgical or demographic variables that could indicate which patients are at risk for such complications. However, care must be taken with all patients undergoing PAO and the surgeon should be familiar with certain intraoperative maneuvers that could be used to decrease the risk of nerve injuries.
Pring et al. [17] specifically studied nerve injuries after PAO at one institution and reported an incidence of 5%, of which 0.7% of injuries were permanent. They recommended the use of intraoperative EMG to decrease the risk of nerve injury and as a prognostic tool in cases when injury had occurred [17] . Its use during PAO, however, has been debatable and is currently surgeon-dependent. Its drawbacks include cost and the fact that it requires specialized personnel present for its interpretation during the case. It also has certain limitations because it cannot identify all nerve irritation or trauma. A sharp laceration of the nerve, for example, may not produce neurotonic discharges and may not be recorded. The presence of EMG could potentially provide the surgeon a false sense of safety that could lead to inadvertent injury to the nerve. It may be useful in surgery, however, because it may identify situations in which the nerve is at risk, such as during placement of retractors in inappropriate locations and it may identify overlengthening of the extremity. It also could help the surgeon in determining whether exploration of the nerve may be warranted, such as in cases when the EMG fires during a specific maneuver that may injure the nerve.
In the current study, the prognosis of the nerve injury depended on what nerve was injured and the severity of the insult. Motor sciatic injuries recovered fully only in 1 .
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of the patients and were thought to occur most likely because of direct trauma or stretch associated with overlengthening of the extremity. The femoral nerve motor function recovered in all patients and this injury was believed to be related to excessive traction on the structure. The literature supports that the majority of femoral nerve injuries will resolve with time and nonoperative treatment would be the preferred treatment [1, 2, 4-6, 10, 12, 18, 21, 22] . In contrast, our study and previous studies show that some sciatic nerve injuries may lead to permanent disability, and therefore detailed study of the events occurring at the time of surgery that prompted the injury is warranted and a decision regarding surgical management should be made.
We found an incidence of major nerve injury after PAO of 2.1% in more than 1700 PAOs performed in five centers. We were unable to determine which patients are at increased risk of nerve injury at the time of PAO. Femoral nerve injuries have a good prognosis whereas the degree of neurologic recovery of sciatic nerve injuries depends on the cause and severity of the damage. We believe exploration may be warranted if direct nerve trauma is suspected. 
